We discuss the possible connection between the scale for baryon number violation and the cosmological bound on the dark matter relic density. A simple gauge theory for baryon number which predicts the existence of a leptophobic cold dark matter particle candidate is investigated. In this context, the dark matter candidate is a Dirac fermion with mass defined by the new symmetry breaking scale. Using the cosmological bounds on the dark matter relic density we find the upper bound on the symmetry breaking scale around 200 TeV. The properties of the leptophobic dark matter candidate are investigated in great detail and we show the prospects to test this theory at current and future experiments. We discuss the main implications for the mechanisms to explain the matter and antimatter asymmetry in the Universe. *
INTRODUCTION
The possible existence of dark matter in the Universe has called the attention of the scientific community for a long time. Fortunately, today we have many different types of experiments looking for possible signatures which can help us to reveal the nature of the dark matter [1] . There is a large list of candidates which can describe the properties of dark matter, but the so-called weakly interacting massive particles (WIMPs) are perhaps the most appealing candidates for the following reasons: a) One can predict the existence of stable or long-lived WIMPs in a large class of theories for physics beyond the Standard Model, b) we can compute, in a simple way, their relic density, c) since the relevant scale of new physics, in this case, is in the TeV range, one could expect missing energy signatures at the Large Hadron Collider, d) one could observe signatures in the different experiments looking for the recoil energy from WIMPs-nuclei (or WIMPs-electron) scatterings, or from the WIMPs annihilation products. This list of possibilities makes a strong case for WIMPs and motivates the different experiments to keep looking for their signatures. Clearly, the direct confirmation of dark matter in these experiments would be one of the most spectacular discoveries in particle physics and cosmology. In the Standard Model of Particle Physics, the so-called baryon number (B) is an accidental global symmetry at the classical level which is broken at the quantum level by the SU (2) instantons. In theories for physics beyond the Standard Model, we typically think about two main possibilities for baryon number violation: 1) Explicit breaking, and 2) Spontaneous Violation. The baryon number is explicitly broken in theories such as the Minimal Supersymmetric Standard Model, where one can have the so-called R-parity violating terms, or in Grand Unified Theories, where we have the unification of quarks and leptons, and the symmetry is broken at the very high scale M GU T ≥ 10 15 GeV. The only way to study the spontaneous breaking of baryon number is to think about theories where the baryon number is a local symmetry [2] [3] [4] [5] [6] [7] . These theories have been investigated recently in a series of papers and their main features are [8] :
• One can define a simple anomaly free theory based on U (1) B which predicts the proton stability. In the context of these theories, there is no need to postulate the existence of a great desert between the electro-weak and high scales.
• One predicts the existence of a cold dark matter candidate, and its mass is defined by the new symmetry scale.
• The spontaneous breaking of baryon number at the low scale is possible in agreement with all experimental bounds in particle physics and cosmology.
• A possible relation between the baryon asymmetry and dark matter densities is possible, and one can have a simple mechanism for baryogenesis in this context.
In this article, we investigate carefully the properties of the leptophobic dark matter candidate in a simple theory based on local baryon number. In this theory, the dark matter candidate and the new leptophobic gauge boson masses are defined by the baryon number breaking scale. We study all dark matter annihilation channels in great detail and find that, in order to be in agreement with the cosmological bounds on the dark matter relic density, the local baryon symmetry must be broken below the O(10 2 ) TeV scale. This upper bound coming from cosmology has profound implications because it tells us that the simplest theories for spontaneous baryon number violation can be tested in the near future at collider experiments and predict different signatures in dark matter experiments. This article is organized as follows: In section 2, we discuss a simple effective theory for leptophobic dark matter models, while in section 3, we discuss in detail a simple theory based on the local baryon number, and discuss some of the main experimental constraints. In section 4, we discuss in great detail the properties of the cold dark matter candidate; we discuss all possible annihilation channels and show the parameter space allowed by the relic density constraints, direct, and indirect detection bounds.
EFFECTIVE THEORY FOR LEPTOPHOBIC DARK MATTER
We are interested in the case where the cold dark matter is a Standard Model singlet neutral fermion χ with very suppressed coupling to leptons. It means that, if we think of a simple extension of the Standard Model where all the fields are heavy, we obtain a simple effective theory for the leptophobic dark matter. In the theories we are interested in, one can expect the following dimension five and six operators defining the interactions between the Standard Model fields and the dark matter field χ:
Here, the multiplets Q L , u R , d R , and H are the Standard Model multiplets listed in Table 1 . The simplest and most motivated models for leptophobic dark matter are based on U (1) B , where B is the baryon number. These models have been proposed in Refs. [6] [7] [8] [9] . In the models based on local baryon number, we get only a set of the operators listed above once we integrate out the new heavy degrees of freedom. We will examine the simplest theories in the next section and discuss the origin of these effective operators. The operator O 1 is generated once we integrate out the Higgs breaking U (1) B , but b χ = 0; the operators O 2 , O 3 , and O 4 are generated once we integrate out the new gauge boson associated to baryon number, but in this case
The operators O 6 , O 7 , and O 8 are not generated in the simplest models for U (1) B because one does not have colored scalar fields. For recent studies in models with leptophobic dark matter candidates see Refs. [10] [11] [12] [13] [14] [15] [16] [17] [18] , and for a complete list of effective operators in dark matter models see, for example, Ref. [19] . In the next section, we will discuss the main features of the simplest model for the local baryon number and the properties of the dark matter candidate.
THEORY FOR BARYON NUMBER
The simplest realistic theories for the spontaneous breaking of baryon number have been proposed in Refs. [5] [6] [7] . These theories are based on the local gauge symmetry
Here, we will study the simplest theory for baryon number where the anomalies are cancelled with colorless fields [6] . In Table I , we list the particle content including the Standard Model content, the new fermionic fields needed for anomaly cancellation, and a new Higgs needed for the spontaneous breaking of baryon number. The Lagrangian of the theory can be written as
Once S B acquires the vacuum expectation value S B = 1 √ 2 v B , the local symmetry U (1) B is broken to a global symmetry U (1) χ . This global symmetry is anomaly free and acts non-trivially on the new fermionic fields:
Therefore, if the lightest new field in this sector is neutral, it can be stable and a good candidate for the cold dark matter in the Universe. We will study the properties of this dark matter candidate in detail. The rest of the symmetry is broken as in the Standard Model, and we have nothing to add. See Ref. [20] for a recent discussion of the Higgs sector of this type of models. We would like to mention that, after symmetry breaking, there are two global anomaly free symmetries: B − L in the Standard Model sector and U (1) χ in the new fermionic sector. In this theory, there are two physical Higgses, h 1 and h 2 , where h 1 corresponds to the Standard Model-like Higgs. They are defined as where the mixing angle θ B is given by
The physical masses for the Higgses are given by
The quartic couplings in the scalar potential can be written as a function of the Higgs masses and the mixing angle:
the new gauge boson is given by
and it couples only to quarks and the new fermions present in the theory, i.e. we have a leptophobic gauge boson in the theory.
In Fig. 1 , we show the numerical values for the mass of the second Higgs in the M h 2 − M Z B plane allowed by the perturbativity bounds, i.e. λ H , λ B , λ HB ≤ 4π, and the condition on the scalar potential (bounded from below). Here, the mixing angle θ B changes from 0.01 to 0.36, and the different colors correspond to the different values for the gauge coupling g B . We note that the maximal allowed value for the mixing value is around 0.36, see discussion in Ref. [20] . One can clearly see that, for a large mixing angle, there is a very strong upper bound on the Higgs mass. We will take into account all these results and conditions on the different parameters for our numerical studies in the next section.
B. Leptophobic Gauge Boson
This theory predicts the existence of a leptophobic gauge boson Z B , and it is important to know the experimental bounds on its mass and the gauge coupling g B associated with the baryon number. Therefore, in this way, we can infer what is the lower bound on the symmetry breaking scale. In Fig. 2 
C. New Fermion Masses
In the theory discussed above, one predicts the existence of new neutral and charged fermions. After symmetry breaking, we can compute the mass matrix of the new neutral fermions in the
and it is given by
where [28] ), and other experiments (UA2 [29] and CDF [30] ).
We can diagonalize the above mass matrix using
contains all physical masses for the new neutral fermions. We note that there is no mixing between the Standard Model fermions and the new fermions. The mass matrix for the new charged fermions is given by
in the basis Ψ
The different masses in the above mass matrix are given by
In our convention, this mass matrix is diagonalized by
where V L and V R are defined by the following relations
In this paper, we will investigate the dark matter properties in the limit when y 2 and y 4 are very small because, only in this case, we can avoid large interactions between our dark matter candidate and the Z gauge boson. In Appendix B, we study the case where the dark matter candidate is a pure SU (2) L candidate; we can see, in Fig. 13 , the predictions for the direct detection cross section mediated by the Standard Model Z gauge boson. As one can appreciate, this case is excluded by the experiment. Hence, we focus on the scenario where the dark matter candidate is a Standard Model singlet. In this limit, our dark matter is a Dirac fermion
with mass M χ , defined by the scale of symmetry breaking. In the next section, we investigate in great detail the properties of this dark matter candidate.
LEPTOPHOBIC DARK MATTER
The lightest new fermion in the theory discussed above can be a good candidate for the cold dark matter if it is neutral. In the previous section, we discussed the properties of the new fermions present in the theory. Since the direct detection bounds are very strong for any dark matter field with SU (2) L quantum numbers, we investigate the main and more general scenario when the dark matter is a Dirac fermion: χ = χ L + χ R .
A. Relic Density
In Fig. 3 , we show all the possible annihilation channels for our dark matter candidate χ. This simple theory for dark matter has the following free parameters:
where B = B 1 + B 2 is the total baryon number. Knowing all annihilation channels, we can use the analytic approximation to compute the relic density [31] Ω DM h 2 = 1.05 × 10 9 GeV where M Pl = 1.22 × 10 19 GeV is the Planck scale, g * is the total number of effective relativistic degrees of freedom at the time of freeze-out, and the function J(x f ) reads as
The thermally averaged annihilation cross section times velocity σv is a function of x = M χ /T and is given by
where K 1 (x) and K 2 (x) are the modified Bessel functions. The freeze-out parameter x f can be computed using
where g is the number of degrees of freedom of the dark matter particle. In order to discuss our numerical results, we will focus on two main scenarios which give a global perspective of the whole spectrum:
• Minimal Mixing Scenario
When there is no mixing between the two Higgses present in the theory (θ B = 0) , the main dark matter annihilation channels are:
In Fig. 4 , we show the different branching ratios for the channels mentioned above. For illustration, we use the following values for the input parameters:
TeV, g B = 0.5, x f = 24, and B = −1. As one can appreciate, for dark matter masses below and close to the resonance (i.e. 2 TeV), the dominant annihilation channel corresponds to the annihilation into two quarks, while for masses larger than the Z B boson mass (i.e. 3 TeV), the dominant annihilation channel isχχ → Z B h 2 . In Fig. 5 , we show the parameter space in the M Z B − M χ plane allowed by the cosmological constraint Ω DM h 2 ≤ 0.12. We consider each channel independently to make a detailed discussion. -Annihilation into two quarks:
In the top-left panel of Fig. 5 , we show the allowed parameter space when we have only the annihilation into two quarks:χ χ → Z * B →qq.
As one would expect, one can sit close to the resonance M χ ∼ M Z B /2 and achieve a large annihilation cross section, which easily satisfies the bound Ω DM h 2 ≤ 0.1199 ± 0.0027 [32] . One can see, in Fig. 5 , that the allowed region is in fact around the resonance. We note that using the perturbativity bound on the gauge coupling g B ≤ 2 √ π, we find an upper bound on the mass of the leptophobic gauge boson around 65 TeV in this case.
In the top-right panel of Fig. 5 , we show the allowed parameter space when one has the annihilation into two leptophobic gauge bosons:
In this case, we have the u, t, and s-channel contributions due to the fact that the new Higgs couples to the dark matter and gauge bosons. As one can appreciate, one can increase the dark matter mass and find solutions in agreement with the cosmological bound Ω DM h 2 ≤ 0.12. However, as we will discuss later, the perturbativity bound on the Yukawa coupling λ χ rules out a large fraction of the parameter space for large dark matter mass values and defines an upper bound for the Z B mass in the context of this annihilation channel.
-Annihilation into the leptophobic gauge boson Z B and the new Higgs h 2 :
In this case, we have three contributions to the annihilation into Z B and h 2 : the t-and u-channel contributions, and the s-channel contribution:
In the bottom-left panel of Fig. 5 , one can see that there are two main regions in agreement with cosmology. As one can appreciate, in the region where M χ M Z B there is like a plateau for the Z B mass, while in the second region 2M χ ∼ M Z B , a portion of parameter space is allowed near the resonance. In both cases one can find an upper bound on the symmetry breaking scale as we will discuss later.
-Annihilation into two new Higgses h 2 :
One has also three type of contributions for the annihilation into two Higgses, we have the u and t channels, and the s-channel mediated by the Higgs boson:
In the bottom-right panel of Fig. 5 , we show the numerical results to understand the region of the parameter space allowed by cosmology. As we will explain later, using the perturbativity bound on the Yukawa coupling λ χ < 4π, we can find an upper bound on the symmetry breaking scale. Now, combining all the above annihilation channels, we can show the full parameter space allowed by cosmology. Furthermore, it is important to use the perturbativity bound on the relevant Yukawa couplings. In this case we can write
The perturbativity bound on λ χ is crucial to find the allowed region in this model. In Fig. 6 , we show the parameter space allowed by the relic density constraints and perturbativity including all annihilation channels when θ B = 0. We take M h 2 = 1 TeV in order to be conservative since, as we will discuss later, the upper bound reaches its largest value in this case. On the other hand, we also show in the figure the allowed parameter space by the unitarity bound on the S-matrix. As Fig. 6 shows, the unitarity bound reduces the upper bound given by the relic density constraint to, approximately, 200 TeV. Therefore, there is clearly an upper bound on the symmetry breaking scale, and for this channel it is around 200 TeV. We refer the reader to Appendix C for a detailed discussion on the unitarity bounds. • Maximal Mixing Scenario
The mixing angle between the two Higgses can be as large as θ B = 0.36, and, in this case, there are more relevant annihilation channels. The dark matter annihilation channels arē
In order to understand the importance of the different channels, we plot the branching ratios for the different dark matter annihilation channels when the mixing angle is θ B = 0.36 in Fig. 7 . In this case, we use the following values for the input parameters:
, and B = −1. We note that, around the resonance (i.e. M χ ∼ 1.5 TeV), the annihilation into two quarks is very important, and as the dark matter mass gets closer to the Z B mass (i.e. above 2 TeV), the annihilation channelχχ → Z B h 2 dominates. Therefore, we can say that this channel is crucial to find the upper bound on the symmetry breaking scale in both scenarios. In Fig. 8 , we show the parameter space allowed by the relic density constraint and perturbativity including all annihilation channels when θ B = 0.36. For illustration, we have taken M h 2 = 1 TeV. As in the case of zero mixing angle, the annihilation channelχχ → Z B h 2 defines the upper bound on the symmetry breaking scale, and in this case the maximal allowed value for M Z B is slightly above 200 TeV, very similar to the zero mixing angle scenario, taking also into account the unitarity bound of the S-matrix as mentioned in the previous case. 
B. Direct Detection
In the previous study, we have shown that this theory must be realized at the low scale in order for the theory to be in agreement with the cosmological bounds on the relic density. Nevertheless, one has also to take into account an important aspect of any dark matter study: the study of the predictions for the direct dark matter experiments. In this theory, the spin-independent elastic nucleon-dark matter cross section is given by
(33) where M N is the nucleon mass, and f N is the effective Higgs-nucleon-nucleon coupling. In our numerical results, we use f N = 0.3 [33] . See Fig. 9 for the relevant Feynman graphs in this context. In Fig. 10 , we show the numerical predictions for the spin-independent dark matternucleon scattering cross section for the minimal (left panel), and maximal (right panel) mixing scenarios in agreement with the dark matter relic density constraint. As one can appreciate from the figure, it is difficult to satisfy the direct detection experimental bounds from the Xenon1T experiment [34] in the maximal mixing scenario because the contribution to the dark matternucleon cross section mediated by the Standard Model Higgs is large. We note that, only when the gauge coupling g B is smaller than 0.3, and when the dark matter mass is smaller than 10 TeV, one can satisfy the experimental bounds. When there is no mixing scenario between the Higgses, see the left panel of Fig. 10 , one can easily satisfy the experimental bounds if the dark matter mass is greater than a few TeV. For instance, if g B = 0.5 and the dark matter is greater than 2 TeV we can satisfy the Xenon1T bounds. We would like to emphasize that σ SI does not depend strongly on M h 2 since the mixing angle cannot be too large.
C. Indirect Detection
In this theory, there are several annihilation channels for the leptophobic dark matter candidate, with the annihilation into two bottom quarks when M χ ∼ M Z B /2 being the dominant contribution. Indirect searches by experiments such as Fermi-LAT sets up an upper limit on the thermally averaged cross-section of channels contributing to the photon flux. In Fig. 11 , we show the numerical predictions for σv (χχ →bb) together with the most relevant experimental bound from the Fermi-LAT collaboration [36] . We note that, in the low dark matter mass region, where the experimental bounds become more relevant, the only contribution to the relic density comes from the annihilation into a pair of quarks mediated by the leptophobic gauge boson. Therefore, the predictions shown in Fig. 11 depend neither on the choice of the mixing angle θ B , nor on the choice of the second Higgs mass M h 2 . As the figure shows, the predictions in this model are compatible with the indirect detection bounds. On the other hand, the dark matter could annihilate through the processχχ → Z B h 2 , or we could have gamma-ray lines. Unfortunately, the predictions for the gamma lines are loop suppressed, and it is not possible to distinguish the gamma lines from dark 
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-42 [34] , and the dashed line corresponds to the projected Xenon-nT bounds [35] .
matter annihilation from the continuum spectrum.
D. Upper Bound on the Baryon Number Violation Scale
In Figs. 6 and 8, we showed the parameter space allowed by the relic density bound for different choices of the parameters of the model. As one can see, the upper bound in this model is defined by the annihilation channelχχ → Z B h 2 . For large M h 2 , the upper bound would be given by the annihilation into a pair of quarks when the resonance is reached, see Fig. 12 . The annihilation into two gauge bosons, as well as into two Higgses, could be relevant per se, but these channels are bounded by perturbativity of the couplings. We note that, in the context of this model, the dark matter mass and the new gauge boson mass are related as follows
Given a mass for the dark matter candidate, the perturbativity bound on the coupling λ χ defines the lowest possible mass that the leptophobic gauge boson can have. As seen in Figs. 6 and 8, this constraint rules out part of the parameter space in the non-resonance region, making the annihilation channels that are relevant near the resonance responsible for the upper bound on the symmetry breaking scale. In Fig. 12 , we show the values for the upper bound imposed by meeting the relic density constraint Ω χ h 2 = 0.12 as a function of the second Higgs mass in the two scenarios studied above: minimal and maximal mixing scenarios. As we can see in the figure, the upper bound on the symmetry breaking scale is around 200 TeV. However, one also has to take into account the bounds coming from the unitarity of the S-matrix which might become relevant for heavy masses. In our case, the unitarity bound is stronger than the bound given by the relic density constraint for h 2 masses below 2.5 TeV, and impose an upper bound in that region around 200 TeV. Therefore, we can hope to test this theory at current or future colliders, and there are interesting implications for cosmology; for example, any mechanism for baryogenesis should take into account the fact that the local baryon number in this theory is broken below 200 TeV.
SUMMARY
In order to investigate the possibility to find the upper bound on the baryon number violation scale, we have investigated the properties of a leptophobic dark matter candidate in a simple theory where the local baryon number is broken at a low scale. We have studied all the annihilation channels in great detail and found the allowed parameter space in agreement with the cosmological bounds on the cold relic density. Using the cosmological bounds on the relic density, we find that the local baryon number symmetry must be broken below the 200 TeV scale. This is a striking result which tells us that this theory could be tested in the near future at collider experiments. The upper bound on the symmetry breaking scale also has profound implications for cosmology; in particular to baryogenesis, since the scale for baryon number violation must be low. We would like to emphasize that this theory does not have the main problem of most of the extensions of the Standard Model, where the new physical scale can be very large and one cannot be sure about the possibility to test these theories. One of the main implications of having a low scale for the spontaneous breaking of local baryon number is that one needs to take into account the fact that the local baryon number can be broken at the very low scale. The simplest scenario for baryogenesis in this case is to have leptogenesis at the high scale and impose the conditions on the chemical potentials due to the conservation of baryon number. In this case, the lepton asymmetry generated by leptogenesis is converted to a baryon asymmetry by the sphalerons, but the conversion factor is smaller than the conversion factor in the Standard Model; see Ref. [8, 12, 37] for the study of baryogenesis in these theories.
With the need to break the local baryon number at the low scale as motivation, we could think in the future about the collider signatures, the study of topological effects, and the study of the phase transitions related to the spontaneous breaking of baryon number in nature.
B. SU (2) L Multiplet as Dark Matter Candidate
In our discussion, we have assumed that the lightest new neutral fields corresponds to the field χ, and one could wonder whether the neutral Ψ = Ψ L + Ψ R could be as well a viable dark matter candidate. However, as we show in this section, this possibility is ruled out by the direct detection bounds because Ψ has an unsuppressed coupling to the Z gauge boson. The neutral field Ψ can interact with nuclei through processes mediated by both Z and Z B bosons. We will focus on the contribution mediated by Z since it totally dominates the scattering. The relevant Feynman rules for this process are given by: 
where Z and A are the atomic and mass numbers, respectively. Here,
where N = n, p, and F 1 (q 2 ) and F 2 (q 2 ) are form factors that only depend on the transferred momentum q 2 . In the limit of low q 2 , the only contribution is vectorial and, since F 1 (0) = 1, Γ µ ∼ γ µ . Therefore, at zero momentum transfer, only valance quarks in the nucleon contribute to the vector currents, and the nuclear amplitude reads as 
Taking the non relativistic limit of the dark matter candidate spinor,
the squared amplitude reads as
The above amplitude defines the spin-independent cross-section of the process, which is given by
where
In Fig. 13 , we show the prediction for the spin-independent cross section of the dark matter scattering with nuclei. In this case, liquid Xenon with numbers Z = 54, and A = 131 is used. As it can be seen in the figure, the experimental bounds from XENON-1T are many orders of magnitude stronger than the theoretical prediction, and therefore, the possibility of having Ψ as a dark matter candidate is ruled out. We note that our main goal in this appendix is to show that the SU (2) L multiplet Ψ has a huge cross-section, and this is why we focus on the case where the dark matter candidate is defined by the properties of the χ field. Of course, we could consider mixing between between these two fields, but clearly the mixing has to be very small to satisfy the experimental bounds.
